he interactions between the different cell types in periprosthetic tissue are still unclear. We used a non-contact coculture model to investigate the effects of polymethylmethacrylate (PMMA) particles and human macrophage-derived soluble mediators on fibroblast activation. Macrophages were either exposed or not exposed to phagocytosable PMMA particles, but fibroblasts were not. Increasing numbers of macrophages were tested in cocultures in which the fibroblast cell number was held constant and cultures of macrophages alone were used for comparison of cytokine release. We used the release of interleukin-1 beta (IL-1␤), interleukin 6 (IL-6), tumour necrosis factor alpha (TNF-␣), lysosomal enzyme and metalloproteinase activity to assess the cultivation of macrophages and fibroblasts.
Effects of particulate debris on macrophagedependent fibroblast stimulation in coculture
We used a non-contact coculture model to investigate the effects of polymethylmethacrylate (PMMA) particles and human macrophage-derived soluble mediators on fibroblast activation. Macrophages were either exposed or not exposed to phagocytosable PMMA particles, but fibroblasts were not. Increasing numbers of macrophages were tested in cocultures in which the fibroblast cell number was held constant and cultures of macrophages alone were used for comparison of cytokine release. We used the release of interleukin-1 beta (IL-1␤), interleukin 6 (IL-6), tumour necrosis factor alpha (TNF-␣), lysosomal enzyme and metalloproteinase activity to assess the cultivation of macrophages and fibroblasts.
In cocultures, IL-6 release was increased 100-fold for both unchallenged and particle-challenged cultures when compared with macrophage cultures alone. Furthermore, particle-challenged cocultures had threefold higher IL-6 levels than unchallenged cocultures. Release of TNF-␣ was similar in cocultures and in macrophage cultures. IL-1␤ release in cocultures was independent of the macrophage-fibroblast ratio. Lysosomal enzyme activity and metalloproteinase activity were increased in cocultures.
Our data show that macrophages and fibroblasts in coculture significantly increase the release of IL-6 and to a less degree other inflammatory mediators; particle exposure accentuates this effect. This suggests that macrophage accumulation in fibrous tissue may lead to elevated IL-6 levels that are much higher than those caused by particle activation of macrophages alone. This macrophage-fibroblast interaction represents a novel concept for the initiation and maintenance of the inflammatory process in periprosthetic membranes. Wear of materials from joint prostheses produces particulate debris which induces a chronic inflammatory response in the periprosthetic tissues. This reaction involves macrophage activation and results in the formation of a periprosthetic membrane and accelerated bone resorption.
1,2 The periprosthetic membrane typically consists of macrophages in a rich fibroblastic stroma. 3, 4 When macrophages phagocytose wear particles they become activated and secrete numerous inflammatory mediators [5] [6] [7] which may interact with fibroblasts and other cells in the membrane to potentiate a chronic inflammatory reaction. Studies in vitro have shown that wear particles activate macrophages to secrete protein and express mRNA of the proinflammatory cytokines, interleukin-1␤ (IL-1␤), interleukin 6 (IL-6), tumour necrosis factor alpha (TNF-␣), and chemokines such as macrophage-activating and chemotactic protein 1 (MCP-1) and macrophage inflammatory protein (MIP). [8] [9] [10] [11] [12] Some of these cytokines stimulate bone resorption in vitro and may be a mechanism by which particle-induced macrophage activation contributes to the failure of endoprosthetic implants. 13 Fibroblasts in culture respond to orthopaedic wear debris by a proliferative response to polymethylmethacrylate (PMMA) and metal particles including cobalt-chrome and titanium alloy.
14-16 Typically, low particle doses (<0.05%) increase fibroblast proliferation whereas higher doses decrease it. Secretion of different cytokines and growth factors from fibroblasts is also modulated by particles. 16 Fibroblasts have a characteristic basal secretion of IL-6 that is increased in response to high concentrations of particles (>0.05%) whereas low concentrations tend to increase secretion of basic fibroblast growth factor (bFGF).
In the peri-implant tissue there are complex interactions between macrophages, fibroblasts and osteoblasts. Coculture of macrophages and osteoblasts has been shown to elevate the basal secretion of proinflammatory mediators such as PGE 2 and IL-6 in the absence of particles, and particle activation further increased secretion of mediators. 8 Two further studies have investigated interactions between macrophages and fibroblasts in vitro by adding macrophage-conditioned medium to human dermal fibroblasts. 9, 17 Conditioned medium from macrophages activated with phagocytosable titanium alloy and polyethylene particles increased fibroblast proliferation.
Our aim was to test the hypothesis that the accumulation of macrophages stimulates fibroblasts by the release of soluble mediators, and that phagocytosable particles accentuate this process. We determined the effects of macrophages cultured with and without PMMA particles on fibroblasts in coculture using tissue-culture inserts to maintain the separation of the two cell types. Cytokine release, lysosomal enzyme activity and matrix metalloproteinase (MMP) release were quantified to assess cell activation. We used control cultures with macrophages alone to compare the response in cytokine secretion profiles in the absence of fibroblasts.
Materials and Methods
Human monocytes/macrophages. These were isolated from buffy coats obtained from healthy volunteers by Ficoll gradient centrifugation. The isolated monocytes/macrophages were cultured in RPMI 1640 medium (Gibco, Gaithersburg, Maryland) supplemented with 5% human serum (Sigma, St Louis, Missouri) and gentamicin (25 g/ ml) and allowed to adhere for 24 hours at 37°C with 5% CO 2 . Adherent monocyte cells, now designated macrophages, were released using 0.05% trypsin and 0.25% EDTA and then replated either on to 25 mm inserts for coculture with fibroblasts or on to 24-well plates. Macrophages were plated at different concentrations (5 ‫ן‬ 10 ) per insert and at half those densities per well in the 24-well plates. After 72 hours in RPMI 1640 medium supplemented with 5% human serum, the cells were washed four times with phosphate-buffered saline (PBS). Macrophages in the six-well plates were cultured in 4 ml of serum-free RPMI 1640 in each well and in the 24-well plates with 1.0 ml of medium per well. Data are based on six separate experiments with macrophages from three different individuals. Macrophages used in coculture and alone were derived from identical buffy coats, and were plated at identical cell densities to allow comparison of release of cytokines. Human fibroblasts. Human foreskin fibroblasts (ATCC CCD-1059SK) were cultured on 100 mm plates in alpha minimal essential medium (␣MEM) (Gibco, Gaithersburg, Maryland) supplemented with 10% fetal calf serum (FCS) and gentamicin (25 g/ml) and allowed to adhere and proliferate for 72 hours at 37°C with 5% CO 2 . Cells were released by using 0.25% trypsin and 0.03% EDTA, replated on to six wells at a density of 100 000 cells per well, and allowed to adhere and proliferate in ␣MEM with 10% FCS for 72 hours. They were maintained in serum-free ␣MEM for 24 hours before coculture with human macrophages. At this point 210 000 (SD 90 000) cells were present in each well. Particles. The particles used for the activation of macrophages were commercially available PMMA particles, 1 to 10 m in size, with a mean diameter of 4.5 m (Polysciences, Warrington, Pennsylvania). They were sterilised overnight in 70% ethanol, and extensively washed in sterile PBS before usage in macrophage cultures. Study design and coculture. Macrophages and fibroblasts were cocultured using the tissue-culture insert system (Nunc, Roskilde, Denmark). With this system, different cells can be cultured together in two layers with humeral contact but without direct cell contact. Fibroblasts were cultured in six-well plates and macrophages on 25 mm inserts with polycarbonate membranes where the humeral contact was achieved through 0.2 m pores. In this experiment macrophages were plated at different concentrations . When expressed as a macrophage/fibroblast ratio (MFR), the different macrophage densities corresponded to 0.005, 0.05, 0.5 and 5.0 MFR. We performed the cocultures with and without 0.075% PMMA particles added to the macrophages. As a control for the macrophage response to particles in the absence of fibroblasts, macrophages were cultured in 24-well plates at similar cell densities as used in the coculture experiment. They were cultured with and without 0.075% PMMA particles. Macrophage activation. IL-1␤, IL-6 and TNF-␣ levels were determined in conditioned medium samples from the coculture and macrophage cultures by a standard enzymelinked immunosorbent assay (ELISA) technique. All cytokines were measured by using paired antibodies from R & D Systems (Minneapolis, Minnesota). Macrophages were examined microscopically for their morphological response to particles and phagocytosis was assessed. Lysosomal enzyme activity. We evaluated lysosomal enzyme activity by determining hexosaminidase activity in conditioned medium. We incubated 20 l of medium with 100 l of a solution of 0.5 mM p-nitrophenyl N-acetyl-␤-dglucosaminide and 0.05 M sodium citrate (pH 5.0) in 96-well plates. The mixture was incubated for two hours at 37°C. The enzyme reaction was stopped with the addition of 50 l of 0.5 M sodium hydroxide. The resulting colorimetric product was measured on an ELISA reader at 405 nm with background correction of 595 nm. The data are expressed as arbitrary units using a standard curve generated from serial dilutions of the enzyme ␤-N-acetylglucosaminidase. Matrix metalloproteinase (MMP) activity. We performed sodium dodecyl sulphate (SDS) substrate gel analysis to assess neutral MMP activity in samples of conditioned medium. Endogenously activated and total enzyme activity was determined by analysis of the samples with and without 4-aminophenylmercuric acetate (APMA) activation (incubation in 1.0 mM APMA for one hour at 37°C). Aliquots were electrophoresed in 10% SDS-polyacrylamide gels impregnated with 1 mg/ml of gelatin. SDS was removed by shaking in 2.5% Triton X-100 for 30 minutes at 25°C and the gels were subsequently incubated for 16 hours in substrate buffer (50 mM Tris HCl buffer, pH 8.0, 10 mM CaCl 2 and 0.02% azide) at 37°C. They were then stained with 0.5% Coomassie Brilliant Blue R 250 in 30% isopropyl alcohol and 10% acetic acid to visualise gelatinolytic activity. Statistical analysis. Data were based on six separate experiments with macrophages from three different individuals. Macrophages used in coculture and alone were derived from identical buffy coats and were plated at identical cell densities to allow comparison of cytokine release. All data are presented as mean ± SEM. KruskalWallis non-parametric ANOVA and Dunn tests for multiple comparisons were used to compare differences between control and stimulation groups in dose-response studies and to compare differences between cocultures and macrophage cultures. A p value <0.05 was considered significant.
Results

IL-6 release.
In macrophage/fibroblast cocultures, IL-6 release ranged from 50 to 75 pg/ml in the presence or absence of particles added to the macrophages up to a macrophage/fibroblast ratio (MFR) of 0.05 (Fig. 1a) . In the absence of particles, the release of IL-6 shifted abruptly when the MFR reached 0.5 and 5.0, with IL-6 levels reaching 195 and 620 pg/ml, respectively (Fig. 1a) . With the addition of particles to the macrophages in coculture, IL-6 release increased a further threefold to 600 and 2100 pg/ml for an MFR of 0.5 and 5, respectively (Fig. 1a) . In macrophage cultures IL-6 was only detected at the highest cell density of unchallenged macrophages. For particle-challenged macrophages, IL-6 release occurred at a relatively low level with the two highest cell densities but increased twofold when compared with unchallenged macrophages (Fig. 1b) . Tests of an MFR of 0.005 in cocultures and a cell number of 1 ‫ן‬ 10 3 in macrophage cultures showed no response (data not shown in figures). IL-1␤ release. In macrophage/fibroblast cocultures almost constant levels of IL-1␤ were present for all MFRs without particle challenge. For particle-challenged macrophages in coculture only an MFR of 5.0 showed increased release compared with fibroblasts alone and an MFR of 0.005 to 0.05 (p < 0.05) (Fig. 2a) . In macrophage cultures IL-1␤ was almost undetected in unchallenged macrophages. With particle-challenged macrophages, increased release of IL-1␤ occurred for 1 ‫ן‬ 10 4 to 1 ‫ן‬ 10 6 cell densities (Fig. 2b) .
TNF-␣ release.
In the macrophage/fibroblast cocultures, an MFR-dependent increase in the release of TNF-␣ was seen with the highest TNF-␣ concentration of 80 pg/ml present in particle-challenged macrophages at an MFR of 5.0 (Fig.  3a) . In macrophage cultures, release of TNF-␣ was similar with low levels in unchallenged macrophages. Particlechallenged macrophages showed increased release of TNF-␣ at the 1 ‫ן‬ 10 5 to 1 ‫ן‬ 10 6 cell densities with the highest concentration of TNF-␣ of 65 pg/ml occurring at a cell density of 1 ‫ן‬ 10 6 (Fig. 3b) .
Hexosaminidase activity. Detectable hexosaminidase activity was only seen at 1 ‫ן‬ 10 6 and an MFR of 5.0 for macrophage cultures and cocultures, respectively. Particle challenge increased hexosaminidase activity approximately twofold in macrophage cultures (p < 0.05) whereas no difference was seen between unchallenged and particlechallenged cocultures (Fig. 4) . Matrix metalloproteinase activity. Zymographic analysis of the non-APMA-treated medium samples confirmed that MMP-9 was the predominant metalloproteinase expressed in the macrophage cultures. Addition of particles increased the MMP-9 expression and MMP-2 was just detected. In the fibroblast cultures, MMP-2 was the predominant metalloproteinase expressed in the non-APMA-treated medium samples. In the cocultures, the relative proportion of MMP-9 and MMP-2 expression was consistent with the cellular origin. They showed increased levels of the interstitial collagenase, MMP-1, however, and the addition of particles to the macrophages increased the detection of MMP-1. After APMA activation the zymographic profiles agreed with these data.
Discussion
Our study has shown for the first time that increasing the number of macrophages relative to the number of fibroblasts in a coculture system affected the release of proinflammatory mediators. There was a substantial humeral interaction between the two cell types indicated by release of IL-6. The release of IL-1␤ and lysosomal enzyme activity from unchallenged macrophages in coculture with fibroblasts reached the same level as that of particlechallenged cultures of macrophages alone. In addition, coculture showed a particle-dependent increase in MMP-1. TNF-␣ was not increased by macrophage/fibroblast coculture. Our data suggest that a specific interaction may occur between macrophages and fibroblasts which is mediated by soluble factors.
The selective increase in the release of IL-6 as a result of coculture may be derived from macrophages or fibroblasts or both. Both cell types are able to secrete substantial amounts of IL-6; high levels of stimulation can be obtained by lipopolysaccharide (LPS) for macrophages and IL-1␤ for fibroblasts. 18 IL-1␤ may have been the stimulating mediator in our coculture model. Our data, however, did not show increased levels of IL-1␤ in coculture with an MFR of 0.5 and 5.0. This suggests that other soluble mediators may be responsible for the increase in IL-6. One mediator that is expressed and secreted at a constant high level by macrophages is macrophage migration inhibitory factor (MIF). 19 Such factors may act alone, by interactions with other mediators, or through escalation of receptors to stimulate fibroblasts to increased release of IL-6. 18, 20, 21 The increase in IL-6 during interaction of macrophages and fibroblasts may be important in periprosthetic membranes in vivo, in which the high IL-6 level may contribute to accelerated bone resorption due to the stimulation of osteoclasts. 22, 23 This interaction may be more important to inflammation and subsequent bone resorption in periprosthetic tissue than the cytokine release occurring from macrophages after phagocytosis and activation by wear particles.
A previous study has shown a similar humeral interaction between macrophages and osteoblasts. 8 Release of IL-6 and PGE 2 was synergistically increased when macrophages and osteoblasts were cocultured when compared with isolated cultures. Addition of polyethylene particles further increased the release of these mediators. Two previous studies have shown a humeral interaction between macrophages and fibroblasts. 9, 15 Conditioned medium from macrophages exposed to phagocytosable particles induced a proliferative response in fibroblasts. Macrophage-fibroblast interactions involving cytokine release have been described previously. Blue et al 24 showed an increase in adhesion molecules and IL-6 and TNF-␣ when macrophages and synoviocytes were cocultured with humeral contact only. Another study showed an increased capacity for conditioned medium from macrophage/fibroblast cocultures to degrade cartilage. This degradation could be inhibited by neutralising antibodies to IL-6 and TNF-␣. 25 The implications of our in vitro study are that early events in the periprosthetic environment such as macrophage accu- mulation due to generation of particulate debris may have a substantial influence on tissue homeostasis. Our data suggest that macrophage recruitment and accumulation in response to wear particles create an interaction that is linked to the number of invading cells. While this constitutes a primary mechanism, the activation of the immune system, a direct interaction between macrophages and fibroblasts is less well established. We propose that an initiating event in particleinduced inflammation of the periprosthetic membrane is the initial influx of monocytes/macrophage to sites of particle accumulation. Our data show that although interactions between macrophages and fibroblasts can occur without activation of macrophages by wear particles, the presence of particulate debris exacerbates cytokine release.
